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. This view has changed as scientific advances have revealed that at least three independent metabolic pathways regulate the aging process and have critical roles in the determination of lifespan
. First, dietary restriction has been reported to extend the lifespan of worms, flies, rats and a large variety of other species 2, 3 . Second, the insulin/insulin-like growth factor 1 (IGF1) signalling (IIS) pathway was found to be an active regulator of the lifespan and youthfulness of worms 4 , flies 5, 6 and mice [7] [8] [9] 
. Third (and most recently), it was discovered that the rate of mitochondrial respiration is also a lifespan determinant 10, 11 . Among these three pathways, the most prominent and thus far best studied is the IIS pathway, which is highly conserved across phyla. As the mammalian IIS pathway and its roles in the regulation of aging have been reviewed elsewhere 12 , here we focus on the IIS pathway components that are important for maintaining protein homeostasis (proteostasis) 13 and countering toxic protein aggregation (proteotoxicity) in neurons and other tissues, mainly in the nematode Caenorhabditis elegans (C. elegans) and the mouse.
Aging, proteostasis and neurodegeneration
The ability to ensure proper protein folding is critical for cellular function and organismal viability 13 . In cells undergoing division, damaged and oxidized proteins can be sequestered and retained in mother cells, enabling daughter cells to have a pristine, undamaged proteome 14 . However, in post-mitotic cells, such as most neurons, protein quality control must be maintained by other, possibly more complex, mechanisms 13 . Although many proteins fold spontaneously, subsets of nascent polypeptides -mainly those that are processed in the secretory pathway -require assistance to attain their correct threedimensional structures. Highly conserved, specialized sets of chaperones assist these nascent polypeptides in folding correctly and perform quality-control processes to ensure their integrity. Polypeptides that fail to fold properly, along with damaged and oxidized mature proteins, are targeted for degradation by specialized cellular degradation machineries 15 . Despite this cellular effort, subsets of aggregation-prone proteins challenge the cellular machinery, which often fails to handle them. A failure to prevent the misfolding and aggregation of one protein can destabilize the proteome, resulting in uncontrolled aggregation of other polypeptides 16 . In some cases protein aggregation leads to the development of maladies, collectively termed 'conformational diseases' (Ref. 17) . Among the conformational diseases are the human neurodegenerative diseases, such as Alzheimer's (AD), Parkinson's (PD) 18 and Huntington's (HD) 19 . In AD, dual digestion of amyloid precursor protein (APP) releases the aggregation-prone peptides that are collectively termed amyloid-b (Ab). The accumulation and aggregation of Ab 
Youthfulness
The physical capabilities and conditions, such as agility, speed of crawling, rate of food intake and tissue integrity, that are typical of young but not old animals.
Proteostasis
The favourable protein-homeostasis condition, in which the protein's composition, distribution, integrity, folding and protein-protein interactions are properly maintained, enabling optimal function at the cellular level.
The insulin paradox: aging, proteotoxicity and neurodegeneration
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Abstract | Distinct human neurodegenerative diseases share remarkably similar temporal emergence patterns, even though different toxic proteins are involved in their onset. Typically, familial neurodegenerative diseases emerge during the fifth decade of life, whereas sporadic cases do not exhibit symptoms earlier than the seventh decade. Recently, mechanistic links between the aging process and toxic protein aggregation, a common hallmark of neurodegenerative diseases, have been revealed. The insulin/insulin-like growth factor 1 (IGF1) signalling pathway -a lifespan, metabolism and stress-resistance regulator -links neurodegeneration to the aging process. Thus, although a reduction of insulin signalling can result in diabetes, its reduction can also increase longevity and delay the onset of protein-aggregation-mediated toxicity. Here we review this apparent paradox and delineate the therapeutic potential of manipulating the insulin/IGF1 signalling pathway for the treatment of neurodegenerative diseases.
Protein folding
The post-translational process that a polypeptide has to complete in order to attain its optimal three-dimensional structure. Protein folding is often assisted by chaperones. Proteins that fail to achieve their correct folding are termed 'misfolded proteins' .
Proteome
All of the functional proteins in a cell at a certain time point. The proteome can change as a function of age, stress conditions, et cetera.
Amyloid-b
(Ab). A highly aggregative peptide that is associated with and causative of AD.
PolyQ
A stretch of glutamine repeats in a protein sequence. Abnormally long polyQ stretches are associated with various diseases, including HD.
Protofibril
A small, soluble protein aggregate that is thought to be the cause of various neurodegenerative maladies.
Long-term potentiation
(LTP). A long-lasting form of synaptic plasticity that results in an increase in the strength of synaptic transmission and is thought to be critical for memory function.
(particularly the highly aggregative Ab ) is associated with AD. Similarly, aberrant aggregation of a-synuclein is associated with the emergence of PD, and the aggregation of mutated huntingtin (which bears abnormally long poly-glutamine (polyQ) stretches) initiates HD. The mechanisms that lead to the development of neurodegenerative diseases are largely unknown; however, recent data suggest that small oligomeric aggregative structures (sometimes termed protofibrils) are the underlying cause 20, 21 , rather than high-molecular-mass aggregates as previously assumed 22 . Impairment of long-term potentiation (lTP), a hallmark of AD 23 , was induced by Ab dimers 24 and trimers
25
. Similarly, small polyQ aggregates mediate neuronal death, whereas large polyQ fibrils are thought to be neuroprotective 26 . moreover, molecular chaperones that are known to disrupt aggregates actually promoted active aggregation when the concentration of the aggregating protein was high 27, 28 . Therefore it has been proposed that, although protein aggregation is hazardous under certain circumstances, the creation of apparently less-toxic large aggregates is protective.
The major risk factor for the development of neurodegenerative diseases is aging 29 . Typically, individuals that carry neurodegeneration-linked mutations develop the disease during their fifth decade, whereas sporadic neurodegenerative maladies appear during the seventh decade or later 29 . Furthermore, both polyQ-and Ab-expressing worms and certain Ab-expressing mouse strains exhibit constant expression of aggregation-prone proteins, yet protein-aggregation-mediated toxicity is not apparent until late stages of life 30, 31 . why do neurodegenerative disorders occur late in life? And why do distinct disorders share similar temporal emergence patterns? These questions are still puzzling researchers. It is plausible that the aging process actively suppresses cells' ability to clear toxic protein aggregates, enabling the accumulation of these aggregates and initiating neurodegeneration late in life. recent studies [32] [33] [34] point to the IIS pathway as the major candidate to link aging, proteotoxicity and late-onset neurodegenerative diseases
The IIS pathway determines longevity The worm IIS cascade (fIG. 1) , which is nearly identical to that in mammals 12 , is initiated when an as-yet-undefined insulin-like ligand binds to DAF-2, the sole worm insulin/ IGF-1 receptor 4, 35 . Subsequently, DAF-2 recruits IST-1 (an insulin receptor substrate 1 orthologue) and AGe-1, a phosphatidylinositol 3-kinase 36 that mediates the production of phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ). In turn, PtdIns(3,4,5)P 3 activates members of the AKT kinase family in a pyruvate dehydrogenase kinase (PDK)-dependent manner 37, 38 . The IIS pathway has an internal negative regulator: the phosphatase DAF-18 (a PTen orthologue), which acts in opposition to AGe-1, mediates PtdIns(3,4,5)P 3 dissociation and reduces AKT activation 39 . Activated AKT phosphorylates the downstream protein DAF-16 (RefS 40, 41) , which is the sole C. elegans FoXo forkhead transcription factor. Phosphorylated DAF-16 is prevented from entering the nucleus and thus cannot regulate the expression of its target genes, such as the small heat-shock protein (HSP) chaperones 42 . Therefore, the IIS pathway negatively regulates the activity of DAF-16 by modifying its intracellular localization. Accordingly, a reduction in IIS hyper-activates DAF-16, alters the expression of the DAF-16 transcriptome, extends youthfulness and lifespan and elevates stress resistance 43 . Analogously, deleting one copy of Igf1r, the murine daf-2 orthologue, increases longevity and stress resistance in mice (particularly in females) 7 . Although AKT activation is reduced in these animals 7 , it has not been determined whether this increased longevity is dependent on one of the three mouse FoXo transcription factors. In addition, mice with fat-specific insulin receptor knockout (FIrKo mice) are long-lived 44 , as are mice that have reduced insulin signalling as a result of having low amounts of insulin receptor substrate 2 (IrS2), an insulin signalling mediator 9 . Interestingly, human centenarians carrying mutated IGF1R were also found to exhibit reduced IGF1 signalling compared with a control group 45 , suggesting that the effects of IGF1 signalling on longevity are conserved in humans.
Another key transcription factor that is required for the worm lifespan extension that is facilitated by reduced IIS is heat-shock factor 1 (HSF-1) 33, 46 . HSF-1 is a highly conserved 47 , leucine-zipper-containing transcription factor that, on activation, trimerizes, enters the nucleus and regulates the expression of its target genes 48 . HSF-1 has critical roles in various cellular and organismal processes, including development 49 , the stress response 50 , hypoxia 51 , circadian rhythmicity 52 and innate immunity 53 . The molecular interactions, if any, between the IIS pathway and HSF-1 are largely unknown. It is plausible that a reduction in IIS promotes elevated stress resistance by activating HSF-1 and thus helping to regulate the expression of its target genes, which also include a subset of small HSPs. This enables the maintenance of proper protein homeostasis with age 33 . In this view, IIS activity negatively regulates HSF-1. However, to date, direct regulation of HSF-1 by the insulin/IGF-1 receptor or its downstream kinases has not been established (fIG. 1) .
Box 1 | Insulin-signalling-independent lifespan-regulating pathways
Lifespan is regulated by at least three different mechanisms, one of which is the insulin/ insulin-like growth factor 1 signalling (IIS) pathway. Dietary restriction (DR) was the first metabolic treatment found to extend the lifespan of an organism, after it was carried out first on rats in 1935 (Ref. 90) . Ever since, DR has been reported to have similar longevity effects on many other species 2 , including yeast 91 , worms 92 and flies 93 . When available food quantities are reduced below the ad libitum level (the amount that an animal consumes when food is unlimited), lifespan increases steadily until an optimal food-intake level (typically ~60% of the ad libitum) is reached. Further reduction of dietary intake leads to starvation and shortens lifespan. Although it was originally termed 'calorie restriction', it seems that the longevity effect associated with reduced dietary intake cannot be explained by calorie consumption 94 . Recent studies performed in worms revealed that the transcription factors PHA-4 (Ref. 95) (also known as forkhead 1) and SKN-1 (Ref. 54) have critical roles in enabling DR to mediate longevity. An additional metabolic pathway that regulates longevity in Caenorhabditis elegans is the mitochondrial electron transport chain (ETC). Decreasing the activity of the ETC with RNA interference directed towards the ETC complexes I, III, IV and V resulted in ~40% life extension 10 . Unlike the IIS pathway, which executes its longevity functions during early adulthood 89 , decreasing ETC activity only extends lifespan if it is carried out during larval development 10 .
Transcriptome
The gene network that is regulated by an activated transcription factor under certain conditions. Different transcriptomes can be regulated by the same transcription factor under distinct conditions.
Protein clearance
A set of cellular activities aimed at identifying misfolded proteins, targeting them to specialized degradation complexes and mediating their digestion by specialized degradation machineries, such as proteasomes or lysosomes.
RNA interference (RNAi).
A technique used to knock down the expression of a specific gene by introducing a double stranded RNA molecule that complements the gene of interest and triggers the degradation of the gene's mRNA molecules.
Similar to DAF-16, the cellular localization of the lifespan-regulating transcription factor SKn-1 (Ref. 54) was shown to be regulated by the IIS pathway in the worm 55 . SKn-1 is thought to modulate longevity by regulating sets of genes that are involved in countering oxidative stress 55 . Together, the data that have been generated during the past decade in both invertebrate and vertebrate model organisms indicate that the IIS pathway regulates lifespan, stress resistance and health by controlling the activity of specific gene-expression networks (transcriptomes).
The DAF-16 and HSF-1 transcriptomes Although the details of how the IIS pathway regulates aging and lifespan are largely obscure, the identification of DAF-16-and HSF-1-regulated transcriptomes seems to be critical for understanding the underlying mechanism. Thus far, four distinct approaches have been adopted to characterize the DAF-16 transcriptome. DnA microarrays have been used to compare the geneexpression patterns of worms lacking daf-2 or daf-16 with those of wild-type worms 42, 56 . Serial analysis of gene expression (SAGe) 57 and chromatin immunoprecipitation (chIP) 58 have been used to search for DAF-2-and DAF-16-regulated genes. Finally, the differences in soluble protein content between worms with reduced IIS and wild-type worms have also been analysed by quantitative mass spectrometry 59 . Several gene subsets were identified by each technique; however, the most consistently and prominently identified subset was the HSP family, in particular the small HSPs, such as the HSP-16 family. Intriguingly, in various vertebrate cell types, as well as in nematode neurons, HSPs are also regulated by HSF-1 (Ref. 60) , indicating that DAF-16 and HSF-1 have overlapping target genes. The roles of HSPs in assisting proper protein folding 61 , in maintaining protein integrity and in mediating the clearance of misfolded, oxidized and aggregated proteins 62 point to unsuccessful protein homeostasis as a pivotal aspect of aging. Accordingly, knock-down of HSPs partially decreases the long lifespan of reduced-IIS animals 33, 46 .
IIS and toxic protein aggregation
Several studies performed in C. elegans proteotoxicity models indicate that the IIS pathway directly links aging to the onset of toxic protein aggregation. A purely post-mitotic proteotoxicity cell model was created in transgenic worms by expressing a fluorescently tagged (with yellow fluorescent protein (YFP)) PolyQ repeat in body-wall muscle cells 34 . At least 40 glutamine repeats were required for efficient aggregation in young (day 2 of adulthood) worms. The threshold number of repeats that was needed for aggregation decreased as the animals aged. In worms expressing polyQ lengths of 35 repeats (polyQ35-YFP), aggregates were detected by day 4 of adulthood, whereas polyQ29-YFP aggregates were not detected earlier than day 9 of adulthood. An assessment of motility impairments (an indirect measure of toxicity in muscle cells) showed that they were associated with the aggregation levels of the tagged polyQ constructs. In accordance with the relationship between age and aggregation, worms that expressed polyQ lengths of 33-35 repeats exhibited no motility impairments at young ages but exhibited decreasing motility later in life. Furthermore, an RNA interference (rnAi)-mediated reduction of AGe-1 (a central IIS-pathway component,
Box 2 | Biological functions of the IIS pathway
Besides lifespan, the insulin/insulin-like growth factor 1 (IGF1) signalling (IIS) pathway regulates several other biological functions. In worms, IIS regulates the developmental switch that determines whether the developing larva will arrest as a dauer larva or become an adult worm. Because the regulation of lifespan by IIS occurs during the worm's reproductive adulthood 89 , it is temporally distinct from the dauer switch that occurs during development. A reduction in IIS also modifies the reproductive profile of worms. Worms grown on bacteria that knock-down the worms' daf-2 mRNA through RNA interference lay fewer eggs per day than their control counterparts but continue to lay eggs for more days. Thus, the cumulative number of eggs laid by the two worm groups is similar 96 . Elevated oxidative-stress resistance is an additional outcome of a reduction in IIS. Worms that harbour a weak daf-2 allele 97 , as well as mice that harbour only one copy of the gene that encodes the IGF1 receptor (Igf1r) 7 , exhibit extended survival compared with their control counterparts after oxidative treatment. Similarly, daf-2-mutant worms are relatively heat resistant 98 . Recently, daf-2 mutations were reported to protect worms from tumour-like uncontrolled germline cell proliferation 99 . This protective effect is mediated by DAF-16 and a subset of its target genes, some of which share similarities with identified human tumour-suppressor genes 100 . Lastly, and as discussed comprehensively in this Review, a reduction in IIS protects from toxic protein aggregation [32] [33] [34] . Reduced stress resistance, tumour development and proteinaggregation-mediated disorders are associated with aging. Thus, the IIS pathway seems to be a comprehensive regulator that actively promotes aging by reducing cellular capabilities to prevent harmful processes.
Box 3 | Proteotoxicity, neurotoxicity and neurodegeneration
The toxic effects that stem from the misassembly or aggregation of proteins or peptides (in any cell type) are collectively termed proteotoxicity 101 , whereas neurotoxicity is a term that refers to general toxic effects observed in neurons. Owing to methodological practicalities, such as short lifespan and the need for a detectable toxic phenotype, many studies on the possible links between aging and neurodegeneration are performed in invertebrates, in which the neurodegeneration-linked aggregation-prone proteins are mostly expressed in non-neuronal tissues [32] [33] [34] 66, 102 . What is the relevance of proteotoxicity to neurotoxicity and to neurodegeneration? To answer this question, a comprehensive understanding of the mechanisms that lead to the development of neurodegenerative diseases is required. To date these mechanisms are poorly understood 103 ; however, it is clear that protein aggregation is tightly linked to the emergence and development of neurodegenerative diseases 18, 21 . Moreover, the mechanisms that have been found to counter toxic protein aggregation in different cell types and different organisms are highly conserved 104 . Thus, it is likely that proteotoxicity that is associated with the expression of neurodegeneration-linked aggregation-prone proteins in any tissue can provide insights into the neuronal defence mechanisms. Many of the insights that have been obtained from invertebrate-based or non-neuronal studies await confirmation in mammalian neuronal systems and clinical observations. . 1 ) protected worm embryos from polyQ82-YFP aggregation and reduced the motility impairment of young polyQ82-YFP-expressing worms. These protective effects were dependent on daf-16, as they were abolished by rnAi-mediated depletion of daf- 16. resveratrol, an activator of sirtuins that extends the lifespan of yeast 63 , worms, flies 64 and fish 65 , alleviates the toxicity of polyQ in worm neurons by inhibiting sirtuin 2 (sir-2) 66 , a gene that is thought to act immediately upstream of daf-16 to regulate longevity 67 (fIG. 1) .
The direct link between aging and the onset of polyQ aggregation was further established when HSF-1 was found to be essential not only for lifespan extension owing to compromised IIS, but also for the reduction of polyQ40-YFP aggregation in worm muscle cells 33, 34 . This protective effect of reduced IIS was also daf-16-dependent. In addition, these studies indicate that the small HSP members of the crystalline family, the transcription of which is regulated by DAF-16 and HSF-1, are important players in both lifespan extension and protection from proteotoxicity. Interestingly, hsp-90 (also known as daf-21 in C. elegans) and members of the hsp-70 family are also vital for the increased longevity that results from reduced IIS 46 . collectively these studies indicate that a reduction in IIS can reduce the proteotoxicity that is associated with the aggregation of polyQ stretches in the worm, but they leave several fundamental questions unanswered. what are the mechanistic details of this protective effect? can a reduction in IIS protect from the proteotoxicity that is associated with other disease-linked aggregative proteins? To address these queries, a worm model of AD that expresses the AD-linked human protein Ab 1-42 in bodywall muscles (Ab worm) was examined. The expression and subsequent aggregation of Ab in worms results in progressive paralysis 68 . Similar to its effect on polyQ toxicity, a reduction in IIS protected the worms from Ab 1-42 -mediated proteotoxicity 32 . Therefore, it seems that reduced IIS can protect cells from both polyQ-and Ab-mediated proteotoxicity.
using genetic, biochemical, in-vitro and microscopic techniques, it has become apparent that the amount of high-molecular-mass Ab 1-42 aggregates does not correlate with toxicity. For example, a reduction of IIS (by rnAi against daf-2 mrnA) resulted in reduced toxicity but caused a small increase in the levels of highmolecular-mass Ab 1-42 aggregates, whereas a reduction of DAF-16 (by rnAi against daf-16 mrnA) reduced the amount of high-molecular-mass Ab 1-42 aggregates but enhanced toxicity 32 . Furthermore, rnAi against hsf-1 mrnA led to a drastic elevation of both toxicity and high-molecular-mass Ab 1-42 aggregates 32 . These observations indicate that the IIS pathway is pivotal to aging and proteotoxicity because it regulates two distinct counter proteotoxic activities: disaggregation that is regulated by HSF-1 and protective active aggregation that is regulated by DAF-16 (fIG. 2) .
reduced IIS protects cells from both Ab 1-42 and polyQ toxicity; however, the source and identity of the toxic macromolecular structures of Ab 1-42 and polyQ repeats seem to be distinct. A reduction in IIS results in more high-molecular-mass Ab 1-42 aggregates, whereas in polyQ models a reduction in IIS results in less polyQ aggregates. This apparent inconsistency between Ab 1-42 and polyQ proteins might be resolved if hyper-aggregation of polyQ is protective: this would make large polyQ aggregates markers of proteotoxicity, not the source of proteotoxicity. In agreement with this hypothesis, diffuse polyQ aggregates were found to be toxic and led to striatal neuron death in rats, whereas polyQ-containing inclusion bodies were protective 26 . In this view, the primary HSF-1-regulated disaggregation-and-degradation mechanism might be sufficient as-yet-undefined ligand to DAF-2, the sole insulin/insulin-like growth factor 1 (IGF-1) receptor of C. elegans (I), triggers the insulin/IGF-1 signalling (IIS) pathway. This binding leads to DAF-2 self-phosphorylation and dimerization and to the recruitment of the phosphatidylinositol 3-kinase AGE-1 (II) and the insulin receptor substrate 1 orthologue IST-1. AGE-1 catalyses the generation of phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) (III), a molecule that activates kinases of the AKT family (IV). The phosphatase DAF-18 (a PTEN orthologue) opposes AGE-1 activity by converting PtdIns(3,4,5)P 3 to phospatidylinositol-4,5-bisphosphate (PtdIns(4,5)P 2 ); this leads to reduced AKT activation. Activated AKT phosphorylates the FOXO transcription factor DAF-16 (V), preventing it from entering the nucleus, where it would otherwise interact with its cofactors, including SMK-1 and SIR-2, and regulate its target genes (VI), which mediate longevity and stress resistance. Similarly, IIS prevents the transcription factor SKN-1 from entering the nucleus and executing its gene-expression functions. Heat-shock factor 1 (HSF-1) is also critical for the longevity functions of IIS (VII) and might be negatively regulated by the IIS pathway (dashed line). HSF-1 regulates the expression of key gene networks (IX) that are required for longevity and stress resistance, some of which are probably also regulated by DAF-16. 
Which is protective: increased or decreased IIS?
In contrast to the results from the invertebrate models described above, in some cases researchers have found that an apparent increase of IIS protects against proteotoxicity in vertebrate models. A mammalian cell-culturebased report 69 suggested that activation of the IGF/AKT pathway protected neurons from polyQ-mediated tox icity. This protection involved the phosphorylation of huntingtin by the kinase AKT and its clearance by autophagy. consistent with this observation, autophagy-mediated clearance of huntingtin is triggered by the activation of insulin receptor substrate 2 (IrS2) 70 , one of the known IIS mediators in mammals 9 . The authors proposed that the polyQ-toxicity-protective effect was AKT-independent. This contradiction suggests that, in this context, signals downstream of IrS2 diverge and might counter proteotoxicity through more than one mechanism.
Infusion of IGF1 into aging rats was reported to enhance the clearance of brain Ab and achieve levels similar to those that are found in the brains of young rats 71 . recently the same group reported that injection of IGF1 into AD-model mice reduced the typical behavioural impairments that are associated with increased Ab levels 72 . The researchers concluded that an increased amount of circulating IGF1 protects from Ab, and suggested that hyper-activation of the IIS pathway is neuroprotective. on the basis of these and other publications, it has been proposed that IIS induction might be an effective AD treatment 73 . Several observations challenge the idea that increased IIS protects from proteotoxicity. First, aging is the major Figure 2 | The iis pathway links aging and proteotoxicity. Serial digestion of amyloid precursor protein (APP) releases aggregation-prone amyloid-b (Ab) peptides, which spontaneously form small toxic oligomers. Heat-shock factor 1 (HSF-1)-regulated disaggregation machinery disrupts the Ab aggregates and prepares them for degradation. When the disaggregation pathway is overtaxed, a DAF-16-regulated active aggregation activity creates high-molecular-mass aggregates of lower toxicity that might subsequently be secreted from the cell. If they are not secreted, the high-molecular-mass aggregates undergo slow disaggregation and subsequent degradation. The insulin/insulin-like growth factor 1 signalling (IIS) pathway compromises the activity of both protective mechanisms in an age-dependent manner by negatively regulating HSF-1 and DAF-16. risk factor for the development of neurodegenerative diseases, including AD 29 , and reduced IIS slows aging in various species, including mice. moreover, mice with reduced growth-hormone production and consequent reduced levels of circulating IGF1 and insulin are long-lived 74 , as are animals with tissue-specific knockout of the insulin receptor 44 or of its downstream adaptor protein IrS2 (Ref. 9) .
Rate of IIS
one of the major questions in the field is thus whether it is increased or decreased IIS that protects from proteotoxicity. on the one hand, insulin and IGF1 are important beneficial hormones; for instance, lack of insulin leads to severe conditions such as juvenile diabetes. moreover, reduced IIS can lead to high glucose levels, which are neurotoxic 75 . on the other hand, reduced IIS is beneficial because it extends lifespan and elevates stress resistance. Therefore, insulin resistance, which seems to be analogous to reduced insulin signalling, is expected to be beneficial despite the fact that it leads to type II diabetes in humans and mice 76 . Additionally, individuals that carry mutations in AKT2 exhibit severe insulin resistance and develop diabetes 77 . Yet, a recent study shows that total insulin resistance is less toxic to mice than partial insulin resistance 78 . collectively these studies raise the insulin paradox: is it increased or decreased IIS that provides health and longevity?
what models might be able to settle the insulin paradox? It has been proposed that insulin signalling has different metabolic effects in different tissues 79 . For instance, loss of the insulin receptor in adipose tissues promotes longevity, whereas its loss in hepatic tissues causes diabetes 80 . Perhaps in conditions of systemic IIS reduction the metabolic syndromes (such as diabetes) that stem from the liver mask the potential health benefits of reduced IIS in other tissues, such as the brain. The observation that patients with AD exhibit abnormally low insulin levels in their cerebrospinal fluid but high insulin levels in their plasma 81 supports the tissuespecificity model and suggests a possible interplay between insulin levels in different tissues. In this model, IIS regulatory feedback loops 42 , which sense the rate of insulin signalling, would regulate the amount of circulating insulin and induce a negative-feedback response that reduces IIS in the brain. Similar mechanisms might regulate IGF1 levels and signalling in different tissues. The finding that female offspring of human centenarians exhibit higher than normal IGF1 plasma levels but lower than normal IGF1 signalling 45 also supports the model that lower IGF1 signalling is key to neuroprotection and organismal survival.
Optimal IIS levels? we propose a model that accommodates the insulin paradox in relation to proteotoxicity. According to this model, each organism has an optimal level of IIS that maximizes its reproduction, health and longevity. IIS levels either higher or lower than the optimal rate interfere with metabolism, can cause disease and eventually shorten lifespan (fIG. 3) . For instance, insulin dysregulation is a key cause of polycystic ovarian syndrome, one of the major causes of infertility in women 82 . nevertheless, the rate of insulin signalling was not evolutionarily tuned to fit the needs of the individual; rather, it was tuned to fit the needs of the species 83 . For example, worms that are grown on an unlimited food supply exhibit relatively short lifespans but reproduce quickly. owing to their short lifespan, they consume fewer of the resources that are needed for the next generation to reach maturity. both a high reproductive profile and more available resources for the progeny are clearly beneficial for the survival of the species. when food is restricted, the IIS Figure 3 | optimal-iis-rate model. a | Each organism and each tissue has an optimal insulin/insulin-like growth factor 1 (IGF1) signalling (IIS) level that ensures maximal health and longevity. IIS rates that are either lower or higher than optimal will cause disease and reduce lifespan. b | The natural IIS rate of well-fed Caenorhabditis elegans is tuned to be at the high zone. Thus, feeding them with bacteria that knock down their daf-2 RNA through RNA interference (RNAi) reduces the rate of IIS and extends their health and lifespan. Mutated daf-2 alleles further reduce IIS and provide maximal longevity, whereas daf-2 inactivation or over-reduction causes lethality. c | In mice that harbour only one copy of Igf1r, the reduction in brain IIS provides stress resistance and extends lifespan. Similarly, the optimal IIS model proposes that IGF1 infusion activates feedback loops that reduce IIS in the brain, leading to similar outcomes. Igf1r-null mice are embryonic lethal. pathway mediates the transformation of young larvae into developmentally arrested dauer larvae, which can live up to six times as long as adult animals, again in favour of the species' survival in harsh environmental conditions 84 . The idea of optimal IIS rates seems to be consistent with the regulation of lifespan by dietary restriction. Progressive reductions in the amount of food that is provided to animals promotes lifespan extension until the animal reaches an optimal foodconsumption level; thereafter the animal is starved and lifespan shortens 3 . It has largely been assumed that any reduction of IIS in invertebrates is beneficial, whereas reduction in vertebrates results in insulin resistance and diabetes-like states. This striking contradiction in the effects of a reduction in IIS in invertebrate and vertebrate models introduces additional complexity to the insulin paradox. However, a thorough comparison reveals that the invertebrate literature of IIS almost mirrors the vertebrate literature. In worms and flies, null mutations in the gene that encodes the insulin/IGF-1 receptor result in embryonic and larval lethality, much like homozygous null mutations in the mouse 85 . Furthermore, invertebrate work has identified an allelic series of mutations in the gene that encodes the insulin/IGF-1 receptor, and it is only the weak alleles that allow an organism to live longer: stronger alleles arrest development, block reproduction and result in lethality 86 . can a specific tissue's IIS be controlled in humans to provide benefit without deleterious side effects? Although individuals with lower-than-optimal IIS rates will develop diabetes, it is interesting to speculate that those with higher-than-optimal IIS will develop AD owing to reduced counter-proteotoxic activities. but why then is type II diabetes a risk factor for the development of AD 87, 88 ? This can be explained by loss of tissue-specific regulation of IIS: the high plasma-insulin levels that are typical in diabetic patients increase IIS levels in the brain, compromising protective activity and leading to aggregate accumulation and disease. moreover, work in worms and flies has discovered that temporal inactivation of the IIS pathway can result in profound increases in longevity without affecting development and reproduction 5, 89 . It is not clear whether longevity and proteotoxicity can be separated in humans; however, as the IIS pathway is tightly conserved from the worm to humans, it might be possible to temporally and spatially reduce IIS in the brain to help treat late-onset neurodegenerative diseases.
clearly, more research is required to clarify the insulin paradox. In the future it will be essential to test whether a direct reduction of IIS in a bona fide AD-mouse model can protect the animals from Ab-associated toxicity. Additional approaches should focus on deciphering the positive-and negative-feedback loops that affect the IIS pathway in mammals when exogenous IGF1 is administered.
The therapeutic potential of manipulating IIS
The apparent regulation of a protective cellular mechanism by the IIS makes a reduction of this signalling pathway an attractive target for the development of treatments against protein-aggregation-mediated diseases, including neurodegenerative diseases. It is plausible that a threshold amount of toxic protein species is required to initiate disease. early in life, efficient aggregate clearance maintains low levels of toxic aggregative species, preventing them from reaching the disease-initiation threshold. with age, an IIS-mediated decline in protective The balance between the rate of toxic protein aggregation and the cellular detoxification capacity determines the age at which the amount of toxic aggregates will cross the threshold level that is required for disease onset. A higher aggregation load and lower protective activities will lead to early disease onset, such as in familial neurodegenerative diseases, whereas lower aggregation load and higher protective capabilities will postpone the age of disease onset. This model proposes that the similar age-of-onset of different neurodegenerative diseases stems from one phenomenon, the age-related decline in natural counter-proteotoxic activities.
activities (including disaggregation, active aggregation, proteolysis and transport) causes the amounts of toxic structures to increase to the levels that are required for disease to commence. we propose that IIS is a determinant of the age-of-onset of neurodegenerative diseases (fIG. 4) . Patients that harbour neurodegeneration-linked mutated genes produce relatively high amounts of aggregation-prone toxic polypeptides and therefore develop the disease early in life. Individuals who do not carry neurodegeneration-linked mutated genes produce less toxic aggregates and, thus, sporadic cases emerge only later in life, if at all.
Perhaps reducing IIS in the brain will enable cells to maintain the activity of protein quality-control mechanisms and clearance capabilities to a later age. This would postpone the onset of neurodegenerative diseases and perhaps other conformational diseases. Several key questions have to be addressed to evaluate this therapeutic potential: can a reduction in IIS protect from proteotoxicity when induced late in life (at the age at which neurodegenerative diseases emerge and are diagnosed)? will a reduction in IIS late in life extend the lifespan, or can the counter-proteotoxic and longevity functions of the IIS pathway be uncoupled? Finally, and most importantly, can the deleterious effects of reduced IIS in peripheral tissues be uncoupled from the beneficial effects in the brain?
Conclusions and future directions The significant advances in aging research and the establishment of neurodegeneration models in short-lived invertebrates have enabled the discovery of mechanistic links between aging and the emergence of late-onset proteo toxicity maladies. These insights have set a foundation for the development of new therapeutic approaches aimed at alleviating aging-associated disorders. This is particularly significant as it might be possible to treat various late-onset human disorders, such as AD, PD and HD, with a single therapeutic entity. In the near future we foresee a scientific effort to elucidate the mechanistic details of the links between IIS and neurodegenerative diseases in mammalian systems. The effect of IIS manipulation on neurodegeneration and diabetes mouse models, accompanied with comprehensive behavioural and biochemical assessment, will determine whether the benefits of reducing IIS are conserved in mammals.
